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INTRODUCTION
I
nfrared (IR) and Raman studies of the structures of pep-
tides, polypeptides, and proteins have historically focused
on the peptide group frequencies as indicators of local
chain conformation. This was the result of a natural evo-
lution from the first IR experimental evidence of differ-
ences in the CO stretch (s) frequencies of (X-ray determined)
‘‘folded’’ (a) and ‘‘extended’’ (b) synthetic polypeptides1 to
the subsequent comprehensive theoretical studies aimed at
understanding the origin of such conformational dependence of
the vibrational spectra. The latter have included (a) early efforts
to characterize, in N-methylacetamide, the so-called amide nor-
mal modes of the peptide group2; (b) development of a general
perturbation treatment of the amide I (mainly CO s) and amide
II (mainly CN s plus NH in-plane bend) modes3 and its applica-
tion to a-helical and b-chain polypeptides4 and to proteins5; (c)
elucidation of the physical basis of such perturbations in transi-
tion dipole couplings between amide modes in the polypeptide
chain6 and demonstrations of the quantitative validity of this
interaction mechanism7–9; and (d) implementation of full nor-
mal mode analyses, based on a complete empirical spectroscopic
force field, to provide systematic spectra-structure correlations.10
These and other aspects of the theoretical understanding have
been the subject of a number of reviews of the field.10–14
This long, intense, and fruitful concentration on the con-
formational sensitivities of the peptide-group frequencies has
drawn attention away from investigation of the potentially
useful structural dependence of other regions of the vibra-
tional spectrum. We have explored this possibility and as a
result have begun a theoretical investigation of the CaDa s fre-
quency, m(CD), which is found in a clear region of the funda-
mental spectra of both peptides and water, at 2300 cm21. In
part this study was motivated by the fact that this bond lies at
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the confluence of the two dihedral angles, u(CNCaC) and
w(NCaCN), which determine the local conformation of the
chain, and in part by the understanding that this mode,
though highly localized, cannot be completely noninteractive
with its surroundings. In our first article we demonstrated, by
ab initio calculations on the isolated so-called alanine dipep-
tide, CH3[CONH]1C
aDa(CH3)[CONH]2CH3, in aR, b, and
polyproline II (P) conformations, that m(CD) exhibits a signif-
icant u,w sensitivity and thus could be a new experimental
spectroscopic tool for the determination of peptide struc-
ture.15 We subsequently showed that this remains true in
longer isolated16 as well as hydrated17 alanine peptides, the
increased structural sensitivity in the hydrated case deriving
from the formation of differential CaDa   Ow electrical
and hydrogen-bonding interactions with water.17,18
The proposed experimental protocol for implementing this
technique for individual CaDa sites in peptides (whose synthe-
sis via isotopically substituted amino acids should be feasible)
was the following. A peptide that could be designated as Sj
(Xj 2 nj), where Xj is the amino acid residue (glycine, alanine,
etc.) and nj is the number of such residues in a sequence,
would be synthesized in Sj forms. The first would have H
a
substituted by Da only on residue 1, the second only on resi-
due 2, and so on. IR (and/or Raman) spectra would thus pro-
vide the m(CD) (or possibly its overtone to increase frequency
separation) for each residue. A calculation of the various
conformational-state frequencies for that residue would be the
basis for the determination of the local u,w structural distri-
bution. Of course, if only an overall average conformational
state is needed the spectrum of only a singly fully-Da peptide
would suffice, since we have shown that there is no coupling
between the m(CD) on adjacent Ca sites.16
Our studies15–17 showed that for peptides of alanine the
above uniform conformations could be distinguished spectro-
scopically on the basis of three criteria: the value of m(CD1), the
values of successive Dmij, and the value of mN 2 m1 (N being the
last residue). However, in assessing the practical aspects of ex-
perimental implementation of this methodology it is also neces-
sary to know whether this conformational sensitivity might be
compromised by a significant dependence of m(CD) on side-
chain composition. To evaluate this influence we present the
dependence of m(CD) on aliphatic (glycine through isoleucine),
a polar (serine), and an aromatic (phenylalanine) side chains of
the dipeptide, both for the isolated as well as for explicitly
hydrated species.
CALCULATIONS
The ab initio calculations were done at the B3LYP/6-311G*
level, as justified in our previous study,17 using Gaussian
03.19 As before, the main-chain and water geometries were
fully optimized within the u,w constraints of the aR(2608,
2408), b(21348, 1458), and P(2758, 1458) conformations.
Although the lowest energy side-chain structures are the ones
mainly discussed in this article, we have also investigated
those in which the side chain adopts stable higher-energy
rotationally isomeric states; the effect on m(CD) is minimal.
Most calculations were on (H2O)4-hydrated structures,
that is, having at least one water molecule (w) hydrogen
bonded to each peptide group CO and NH, which we have
shown to capture the essential features of a realistic
CaDa   Ow interaction.17 As a further test, we calculated
the m(CD) of several structures with additional waters: a total
of seven with valine, to provide some modeling of the effects
of a second water layer, and five with serine, to accommodate
additional interaction with its OH group. The water mole-
cule hydrogen-bonded to CO1 has two equilibrium positions,
CO1a and CO1b, corresponding to OwH   O1 hydrogen
bonds with the two orbitals on O1.
18 Only in the CO1b mini-
mized position does Ow also interact with D
a to affect
m(CD). Therefore, in order to evaluate only the side-chain
influence, all hydrated optimizations were started with the
O1 water near the CO1b position and they fully equilibrated
with this interaction. The reported m(CD) are unscaled har-
monic frequencies; expected experimental frequencies will
have to incorporate effects equivalent to scaling and to
anharmonic corrections.20,21
RESULTS AND DISCUSSION
To assess the influence of the side-chain residue on m(CD),
we have done ab initio calculations on dipeptides with a rep-
resentative group of side chains. The aliphatic include glycine
(GDP), alanine (ADP), valine (VDP), leucine (LDP), and
isoleucine (IDP), chosen to test not only nonpolar character,
but also the relative sizes and shapes of the side chain. For a
polar side chain we have chosen serine (SDP), and with its
capacity to form a hydrogen bond to water we have also
added an additional water molecule to the four used for the
aliphatic hydrated species. For an aromatic side chain we
have chosen phenylalanine (FDP).
Glycine
Since its side chain (a hydrogen atom) is unique among the
residues, resulting in a CD2 group rather than an isolated
CaDa bond, we consider the glycine dipeptide (GDP) inde-
pendently, noting however that its properties also share
many features with those of the other side-chain dipeptides.
Some properties of the isolated form have been investigated
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by others.21 Also, a structural analysis has been proposed of
the IR spectra of CaD2 backbone-deuterated glycines of a
human adaptor protein domain, based on calculations on N-
formyl glycine amide.22 In Table I, we present relevant struc-
tural and vibrational properties of the isolated and the
hydrated GDP in the aR, b, and P conformations. These
properties include the CaDa bond lengths (for both the Dl
and Dd bonds, l being the L-amino acid and d being the D-
amino acid positions); the associated CD2 stretch frequencies
and their character; their IR band intensities; the Dl   Ow
distances\3.0 Å in the hydrated structures, at which, judg-
ing from the results for the water dimer,23 the initial effects
of wave function overlap in hydrogen bonding are likely to
be evident (of course, the angular relation may also be im-
portant); and the relative energies of the conformers. The
structures of the three hydrated conformers are shown in Fig-
ure 1.
For the isolated molecule r(CaDla) 5 r(CaDda) in the
aR structure, despite slightly different CHELPG charges of
q(Dl) 5 0.098e and q(Dd) 5 0.082e, and the modes are rela-
tively pure antisymmetric (a) and symmetric (s) stretch. For
the b and P structures these bond lengths are different (per-
haps because of the significant loss of C2 symmetry in the
local electrical environment), as a consequence of which the
modes are now mixed, although they retain much of the
character of the antisymmetric (a0) and symmetric (s0) coor-
dinates (a situation also observed in glycine24). Similar
behavior is observed for the hydrated molecule, with the
added effect in the b and P structures of significant
CaDla   Ow interactions and accompanying CaDla
bond contraction17 as a result of Dl   O distances\ 3.0
Å, leading to the larger charge difference of q(Dl) 5 0.064e
and q(Dd) 5 0.037e. It is important to note that with these
distances in the 2.6–2.9 Å range, compared to the 2.2 Å
distances associated with maximal CaDa   Ow hydrogen
bonding,17,18 the small decrease in the CaDl bond length is
likely to be primarily due to the contracting force associated
with the antiparallelism between the dipole derivative of the
bond and the electric field it experiences from the local water
molecules.25,26 Thus, the peptide-group-to-water hydrogen-
bonded structure, which is established by the u,w constraints
of the backbone, results in CaDa   Ow interactions that
can span the continuous range from an essentially electric-
field-alone effect to that of the electric field plus the wave
function overlap effect associated with Da   Ow hydrogen
bonding.18 The loss of C2 symmetry in the local electrical
environment of the CD2 group is obvious for the b and P
structures, but ‘‘enough symmetry’’ is obviously retained in
the aR structure (perhaps from the dipole moment environ-
ments of the adjacent peptide groups) to allow for almost
pure modes. The relative intensities of a and s (as well as a0
and s0) modes in both isolated and hydrated species are simi-
lar for the aR and P structures (in the range of 2–4), but is
significantly different for the b structure (6–16). The actual
intensities, as expected, are small compared to those of major
peptide group modes (e.g., the combined intensities of the
two amide I modes range from 259 to 613 km/mol for the
three conformations), but this may be advantageous in that
very thin aqueous solution samples will not be necessary for
a definitive experimental analysis.
We see from Table I that in both the isolated and hydrated
cases, the b conformer is easily identifiable by the larger fre-
quency separation and the greater relative intensity of the
two modes, but based on these properties the aR and P con-
formers could probably not be distinguished from each
other. However, it is interesting to note that (as expected by
Table I Propertiesa of CaD2 Glycyl Dipeptides
aR b P
r m i r m i r m i
I l2 1.0945 2324 a 5.1 1.0935 2309 a0 3.4 1.0930 2326 a0 4.8
d2 1.0945 2239 s 10.8 1.1003 2207 s0 21.6 1.0956 2241 s0 13.8
Dm 85 102 85
DE 3.5 0 0.8
(H2O)4 l2 1.0938 2330 a 3.0 1.0887 2348 a
0 1.1 1.0917 2336 a0 2.2
d2 1.0943 2246 s 7.2 1.1010 2206 s0 17.2 1.0954 2248 s0 7.4
Dl   O 2.83, 2.74 2.64
Dm 84 142 88
DE 14.2 0 4.0
a I: isolated molecule; (H2O)4: hydrated molecule; r: C
aDa bond length in ̊A; m : frequency in cm21; i: infrared intensity in km/mol; l: L-amino acid deu-
terium; d: D-amino acid deuterium; a: antisymmetric stretch; s: symmetric stretch; a0, s0: mixed modes of analogous character, with larger displacement asso-
ciated with l or d deuterium; Dl   O: distance\3.0 ̊A between Dl and water oxygen, the first in pair interacting with the [CO]1 water and the second with
the [NH]2 water
17; DE: relative energy in kcal/mol.
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analogy to the non-glycine cases), if the dipeptide could be
synthesized with only one D atom in the L-amino acid posi-
tion, these conformers would be readily distinguishable in
the hydrated case, the m(CD) then being aR 5 2288, b 5
2335, and P 5 2309 cm21 (although not so in the isolated
case, with aR 5 2280, b 5 2292, and P 5 2294 cm
21).
Non-Glycine
In Table II, we present the properties of m(CD) and the rela-
tive energies (in each row) of the isolated and (H2O)4-
hydrated aR, b, and P conformations of ADP, VDP, LDP, IDP,
SDP, and FDP. (A calculation of the isolated ADP has also
been reported.21) For all the isolated species, the m(CD) for a
given conformation are relatively unaffected by the side
chain: the average frequencies for these dipeptides are 2260
6 3 cm21 for aR, 2273 6 6 cm
21 for b, and 2281 6 7 cm21
for P. Even the formation in the optimized aR-SDP of a weak
N1H1   O(ser) hydrogen bond in the near-planar
H1N1C
aCbO part of the structure (H1   O 5 2.29 Å,
r(N1H1) 5 1.0144 Å compared to 1.0108 Å in the isolated
ADP and 1.0277 Å in hydrated structures18) has not resulted
in a significant change in m(CD), viz., 2264 cm21 vs. 2266
cm21 for ADP, consistent with our observation that hydro-
gen bonding to the peptide groups has little effect on
m(CD).17 As we noted before,17 it might be difficult to distin-
guish between the conformations if all three were signifi-
cantly present at the same time: the differences between the
m(CD) of b and P are within the variability limits.
For the hydrated species, the side-chain effect for a given
conformation is also small: 2272 6 4 cm21 for aR, 2326 6 6
cm21 for b (which includes results for VDP(H2O)7, with
m(CD) 5 2322 cm21, and two SDP(H2O)5, with m(CD) 5
2327 and 2332 cm21, structures), and 2298 6 7 cm21 for P
(which includes a SDP(H2O)5 structure). However, again as
previously observed,17 when water is present the differences
in m(CD) between conformations become larger, from a min-
imum (between the aR and P structures of ADP) of 16 cm
21
to a maximum (between the aR and b structures of SDP) of
74 cm21. It can thus be expected that even if all three confor-
mations are present in solution their presence should be dis-
tinguishable. As we showed,17,18 this large variation is due to
significant though different CaDa   Ow interactions
between the conformations. The nature of these differences
can be seen in Figure 2 for VDP(H2O)4, which is representa-
tive of the water interactions for the aliphatic and phenyl
side chains. In the case of aR such interactions are minimal
(r(Da   O) is[ 3.0 Å), and the small increase in m(CD)
on hydration is attributable to the small bond contraction
arising from the antiparallelism between the dipole derivative
FIGURE 1 Structures of (H2O)4-hydrated aR(2608, 2408),
b(21348, 1458), and polyproline II(2758, 1458) glycine-CaD2
dipeptides. Light broken lines: standard peptide–water and water–
water hydrogen bonds. Dark dashed lines: CaD   O (water)
interactions\3.0 Å (see text).
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of the CaDa bond and the external electric field.25,26 In the
cases of b and P, the differences derive from each backbone
conformation enforcing it own distinctive water configura-
tions that interact with Da, thus resulting in different
Da   O distances. The relatively small influence of the side
chain for a given conformation can be attributed to the rela-
tive constancy in the hydrogen-bonding patterns of the two
waters interacting with the CaDa bond in these minimum
energy structures, seen by comparing Figures 1 and 2 and by
noting the similarity between these water arrangements in b-
SDP(H2O)4 and the two b-SDP(H2O)5 structures in Figure 3
(which even involve different hydrogen-bonding patterns to
the serine OH). We have shown that the value of m(CD) for a
(H2O)4-peptide may have to be modified slightly in a more
fully hydrated peptide, since waters beyond the first layer can
have a small influence on this layer and thus the pattern of
the CaDa   Ow interactions.17 Nevertheless, in view of
the results on VDP(H2O)7 and SDP(H2O)5, it is likely that
when an extended water environment is involved the relative
constancy of this pattern with different side chains will not
change significantly since the side-chain environment will
have only minimal influence on the interactions near the Da
atom. The detailed features associated with such many-water
environments will probably be best determined, as we have
noted,17 by molecular dynamics studies.
The intensities of the m(CD) are also instructive. For the
isolated species, the intensity of this mode is relatively in-
dependent of side chain and changes by a small amount
with conformation. For the hydrated species, the situation
is more variable. In all cases where interaction with the
water molecules is evident, as indicated by significant fre-
quency increases, the intensity decreases in comparison to
the isolated value, as expected from the competition
between the negative permanent dipole derivative of the
donor and the positive dipole derivative induced in the
donor by the acceptor.25,26 There seems to be a general
trend of larger intensity decreases being associated with
larger frequency increases, but obviously this must be a
limited correlation.
Since the side chain at a given Ca is known from the
chemical structure of the peptide, we only need to compare
the m(CD) associated with that side chain in Table II to evalu-
Table II Propertiesa of CaDa Non-Glycyl Dipeptides
aR b P
r m i DE r m i DE r m i DE
Alanine
I 1.0957 2266 6.1 3.6 1.0948 2276 6.1 0.0 1.0939 2284 5.6 1.2
(H2O)4 1.0944 2280 4.3 15.1 1.0891 2330 1.7 0.0 1.0925 2296 3.3 0.3
D   O 2.77, 2.69 3.03, 2.84
Valine
I 1.0967 2259 5.5 4.0 1.0960 2268 6.0 0.0 1.0952 2274 5.3 1.8
(H2O)4 1.0955 2270 4.0 17.9 1.0905 2320 2.1 0.0 1.0938 2288 3.8 3.0
D   O 2.79, 2.82 3.05, 2.88
Leucine
I 1.0966 2253 6.2 3.9 1.0961 2261 6.4 0.0 1.0944 2274 4.6 1.9
(H2O)4 1.0951 2268 3.8 15.3 1.0903 2314 2.0 0.0 1.0925 2295 2.3 1.6
D   O 2.74, 2.72 3.07, 2.69
Isoleucine
I 1.0967 2259 5.3 4.0 1.0958 2270 6.0 0.0 1.0951 2273 5.2 1.2
(H2O)4 1.0956 2270 4.3 17.5 1.0905 2319 2.2 0.0 1.0936 2289 3.2 2.9
D   O 2.74, 2.79 2.71
Serine
I 1.0963 2264 6.1 3.6 1.0947 2281 4.8 0.0 1.0937 2292 3.5 2.9
(H2O)4 1.0945 2275 6.1 9.6 1.0889 2333 2.1 0.0 1.0921 2301 3.3 1.0
D   O 2.68, 2.63 2.80, 2.73
Phenylalanine
I 1.0964 2260 6.1 3.9 1.0944 2279 5.6 0.0 1.0935 2288 4.8 2.5
(H2O)4 1.0949 2269 6.2 7.7 1.0884 2336 2.1 0.0 1.0918 2303 3.9 1.8
D   O 2.58, 2.81 2.81, 2.91
a I: isolated molecule; (H2O)4: hydrated molecule; r: C
aDa bond length in Å; m: frequency in cm21; i: infrared intensity in km/mol; DE: relative energy (in row)
in kcal/mol; D   O: distance\3.0 Å between Da and water oxygen, the first in pair interacting with the [CO]1 water and the second with the [NH]2 water.17
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FIGURE 2 Structures of (H2O)4-hydrated aR(2608, 2408),
b(21348, 1458), and polyproline II(2758, 1458) valine-CaDa dipepti-
des. Light broken lines: standard peptide–water and water–water
hydrogen bonds. Dark dashed lines: CaDa   O(water) interac-
tions\3.0 Å (see text).
FIGURE 3 Structures of hydrated b-serine dipeptides: (a) (H2O)4
lowest energy structure; (b) (H2O)5 lowest energy structure; (c)
(H2O)5 optimized structure 1.1 kcal/mol higher in energy than (b).
Light broken lines: standard peptide–water and water–water hydro-
gen bonds. Dark dashed lines: CaDa   O(water) interactions\
3.0 Å (see text).
1070 Mirkin and Krimm
Biopolymers
ate the ability to distinguish between the three different con-
formations. Although as noted this may be problematic for
the isolated peptides, the results show that discrimination
should be expected for the hydrated species: the m(CD) for
the respective aR, b, and P conformations are ADP 5 2280,
2330, and 2296 cm21; VDP 5 2270, 2320, and 2288 cm21;
LDP 5 2268, 2314, and 2295 cm21; IDP 5 2270, 2319, and
2289 cm21; SDP 5 2259, 2333, and 2301 cm21; and FDP 5
2269, 2336, and 2303 cm21. Specific results for longer pep-
tides, both of uniform as well as mixed conformation,16 will
of course have to be extended to peptides of mixed side-
chain composition. Most likely, the practical parameters of
this technique will be more specifically determined when ex-
perimental experience becomes available.
CONCLUSIONS
Our ab initio studies of the effects of different side chains on
the conformation-sensitive CaDa stretch frequency show that
this influence is minimal, both for the isolated as well as the
hydrated species of the dipeptide. This was found for all the
aliphatic as well as for a polar (serine) and an aromatic
(phenylalanine) side chains, a result that is consistent with
the geometric isolation of the side chain from this bond in
the isolated peptide and on the relatively common water
structures in the vicinity of this bond in all of the (minimum
energy) conformations examined. This commonality of
water structure is likely to persist in water environments that
are more extended than the (H2O)4-hydrated species exam-
ined here. The latter studies are needed, but are more likely
to be best implemented via molecular dynamics calculations
of peptides in realistic aqueous surroundings.17 Nevertheless,
present predictions suggest that this methodology is likely to
be a robust technique for studying peptide conformation,
and we hope that experimental studies will be pursued to
fully evaluate its potential. This new tool, because it isolates
the determination of structure to an individual Ca, could be
instrumental in discriminating between current conflicting
views of the role of the P conformation in the characteriza-
tion of ‘‘unfolded’’ peptides.27,28
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